Abstract: This study proposes a direct torque control (DTC) and variable structure (VS) scheme for grid connected variable speed wind farm (VS-WF) based on the permanent magnet synchronous generators (PMSGs). The control strategy combines the DTC to achieve maximum power point tracking (MPPT) and nonlinear sliding mode (SM) control theory to sustain the DC-bus voltage and to regulate the grid-side power factor. Moreover, control strategies are developed in the sense of Lyapunov stability theorem for the VS-WF to satisfy multiple objectives. The performance of controllers is evaluated for fault conditions as well as for normal working conditions. The validity and the effectiveness of the proposed scheme are verified by simulation with Matlab/Simulink. Also, a comparison of simulation results based on the proposed algorithm and proportional-integral (PI) scheme shows that the proposed approach is superior.
Introduction
Over the last years, the worldwide concern about the possible energy shortage and the environmental pollution has led to increasing interest in generation of renewable energy as it is a potential source for a cleaner, sustainable and economical energy society (Jelani and Molinas, 2015; Parastar and Seok, 2015) . Furthermore, among various renewable energy sources the wind oower generation system (WPGS) has been concerned as one of the most rapid growing energy sources and has gained vast populations in the past decade (Errami et al., 2015b; Luo et al., 2015; Bu et al., 2015) . On the other hand, variable speed wind energy conversion systems have many advantages over fixed speed generation, such as maximum power point tracking (MPPT) control strategy to extract maximum power at different wind velocities, increased power capture, power quality and improved efficiency (Nayanar et al., 2016; Errami et al., 2015d) . They can be controlled so as to reduce aerodynamic noise and mechanical stress on WPGS by absorbing the wind-power fluctuations. Moreover, with the development of power electronics technology, it is possible to regulate the rotor velocity, to increase wind energy production and to reduce drive train loads. For these reasons, the variable speed wind turbine generator (WTG) system is becoming the most important and fastest growing application of wind generation system (Errami et al., 2013c; Melo and Chang-Chien, 2014; Naidu et al., 2014) . In terms of the variable speed WTG, several types of electric generators are used such as synchronous generator with external field excitation, doubly fed induction generator (DFIG), squired-cage induction generator (SCIG) and permanent magnet synchronous generator (PMSG) with power electronic converter system (Ataji et al., 2016; Benchagra et al., 2011; Hilal et al., 2011; Yaramasu et al., 2015; Nian et al., 2014; Chen et al., 2016; Chang et al., 2016) . Lately, the use of the PMSG is becoming more and more common for several reasons such as: lower operational noise is achieved, no significant losses are generated in the rotor, external excitation current is not needed and efficient energy production (Errami et al., 2012a; Alshibani et al., 2014; Nian and Zhou, 2015; Niwas and Singh, 2015) . Consequently, the efficiency of a WPGS based on the PMSG has been assessed higher than other generators and PMSG is an attractive choice for variable speed generate on systems (Alshibani et al., 2014; Xia et al., 2013) . Beside, owing to the decreasing equipment costs, the progress of power electronic technology, the integration of WPGS and the large scale exploration, the PMSG interfaced to the grid with a full scale power converter is being more and more adapted due to full controllability of the system and its higher power density (Jlassi et al., 2015) . Also, to adjust the rotational velocity to maximise the PMSG output power from the fluctuating wind, variable speed operation of WECS is required and, for various wind speeds, the wind turbine can be operated as close as possible to its optimal speed to realise MPPT (Errami et al., 2012c; Buticchi et al., 2015; Van et al., 2015) . Hence, power electronic converters are an essential part of the WPGS and play a significant function in integration of system into an electrical network. Under variable velocity process, the power electronics converters are used to control the WTG, to decouple the PMSG from the electrical network and the WPGS does not need to synchronise its rotational velocity with the electrical grid frequency Ma et al., 2013) . Consequently, WPGS is able to attain high effectiveness and performance when connected to the electrical network, not only under normal working conditions but also under irregular and faulty network conditions according to the new standards and grid codes (Yaramasu et al., 2014a; Fatu et al., 2014) . Various power electronic configurations were presented in the literature for WPGS-based PMSG Cardoso, 2014a, 2014b; Li and Xu, 2013; Xia et al., 2013; Melo and Chang-Chien, 2014; Chen et al., 2014; Yaramasu et al., 2014b; Kuschke and Strunz, 2014; Revel et al., 2014) . As depicted in Figure 1 , the typical structure of WPGS consists of a grid side inverter and a generator side rectifier interconnected through a DC-link system. The capacitor decoupling offers the opportunity of separate control for each power electronic converter. The rectifier offers the possibility of control of the torque, the speed or the power for PMSG (Chen et al., 2014; Giraldo and Garces, 2014) . The mission of the inverter is to synchronise the ac power generated by the WPGS with the electric grid and to remain the DC-link voltage constant (Errami et al., 2015a (Errami et al., , 2015c . Also, the inverter ought to have the aptitude of adjusting reactive and active power that the WPGS exchange with the electrical network and attain unity power factor (UPF) of system (Nguyen and Lee, 2013) . Moreover, it is essential to restrict the converted mechanical power during elevated wind velocities and if the turbine extracted power achieved the nominal power (Chen et al., 2014) . So, power limitation can be done either by pitch control, active stall system or stall control (Van et al., 2015; Bang et al., 2007; Spruce and Turner, 2013) . Figure 1 depicts the general control configuration for recent WPGS. On the other hand, with a growing penetration of WPGS in electrical power systems, it is required that these systems should also be capable to operate under abnormal and grid disturbances, according to the IEEE standards and the new grid codes (Yaramasu et al., 2015) . Consequently, the power quality from WPGS creates significant challenges for control methodologies of power generation systems (Yaramasu et al., 2015) . In recent studies, diverse control methods have been proposed. Conventional design methods of WPGS control are based on vector control (VC) using d-q decoupling and proportional integral (PI) controllers. Errami et al. (2013a) , He et al. (2013) and Li et al. (2012) have proposed a voltage oriented VC scheme for maximum power tracking in WPGS-based PMSG by regulating active and reactive powers. Nguyen and Lee (2013) and Alepuz et al. (2013) have presented fault ride-through (FRT) technique of the PMSG wind system during the grid fault. Then, vector control is a linear method which is generally adjusted for a particular functional point of the WPGS. Consequently, the performance of this control is greatly relies on the tuning of the system parameters. Besides, it needs suitable decoupling, requires complex rotary transformation and multiple loops in the regulator. To overcome the drawbacks of VC, direct control methods such as direct power control (DPC) and direct torque control (DTC) were proposed recently (Harrouz et al., 2013a (Harrouz et al., , 2013b Zhang et al., 2013) . The direct control strategies are characterised by rapid dynamic response, reduced sensitivity to variations of parameter, simple structure, no coordinate transformation and enhanced dynamic performance (Vas, 1998; Morel et al., 2008) . On the other hand, for WPGS integration into power grid, there is the study of novel control techniques which must cope with the effects of the parameter variations of system, the nonlinear behaviour of the WPGS, typical uncertainties in both the electrical and the aerodynamic models, various external perturbations and the random variations of wind velocity (Yan et al., 2013) . Particularly, sliding mode control (SMC) is a popular strategy due to the fact that it offers a many good properties, such as external disturbance rejection, fast dynamic response, high dynamic performance against unmodelled dynamics and low sensitiveness with respect to uncertainty (Slotine and Li, 1991; Utkin, 1993) . So, the SMC is wholly suitable for WPGS with uncertainties in both the electrical and the aerodynamic models and, the random changeability of the speed of wind Evangelista et al., 2013a) . Susperregui et al. (2013) and Evangelista et al. (2013b) have proposed SMC to maximise the energy production of a WPGS. Xiao et al. (2013) and Subudhi and Pedda (2012) have presented a pitch control-based SMC to control the extracted power above the rated wind speed. Xiao et al. (2011) and Martinez et al. (2013) have introduced SMC to control the WPGS operating under fault conditions. Jingjing et al. (2014) and Bouaziz and Bacha (2013) have presented a SMC approach of power converters. In this context, this paper proposes a novel DTC and variable structure (VS) scheme for variable speed wind farm (VS-WF) based on the PMSGs. The block diagram of proposed VS-WF is shown in Figure 2 . Each generator of the farm is connected to the DC-bus through a rectifier, but the DC-bus is connected to the grid through only one DC/AC inverter. The generator side converters are utilised to control the speeds of the PMSGs with MPPT. The objectives of grid-side converter are to deliver the energy from the PMSG sides to the utility grid, to regulate the DC-link voltage regardless of the wind velocity and to achieve UPF. For these reasons, this paper deals with the control strategy combines the technique of MPPT and DTC in speed controllers to achieve optimal control of the WF, while SMC approach is used for grid inverter. Also, the stability of the controller is guaranteed using Lyapunov analysis. Besides, a pitch control scheme is proposed for limiting the turbine output power and the generator speed where the wind velocity exceeds its rated value. The performance of the system has been demonstrated under varying wind conditions and under a grid voltage dip. The proposed control strategy offers the following advantages:
1 MPPT of the VS-WF is realised in conjunction with the speeds of PMSGs to extract optimum power from the wind turbines (WTs) 2 pitch control algorithm is employed to avoid overloading where the wind velocity exceeds its rated value and to prevent WTs damage 3 VS SMC is applied to achieve MPPT, regulation of DC-link voltage, control of reactive and active power, and UPF under both variable and steady wind conditions 4 the control of the VS-WF can tackle low voltage drop conditions caused by symmetrical three-line-to-ground faults (3LG). The remainder of this paper is organised as follows: Section 2 gives the models of the individual WTG and PMSG. In Section 3, control of VS-WF will be presented. Section 4 presents and discusses the simulation results. Finally, some conclusions are given in Section 5.
Modelling description of WF

Wind turbine characteristic
Output aerodynamic power of the wind turbine is expressed as :
where ρ is the air density, A is the area swept by the rotor blades (in m 2 ), v is the wind velocity (in m/s), C P is the coefficient of power conversion and β is the blade pitch angle (in degrees). The tip-speed ratio is defined as:
where ω wt and R are the shaft velocity (in rad/sec) and rotor radium (in m), respectively. The torque output of the wind turbine T wt is given by:
The turbine is coupled to the generator through a gearbox. Then: ω m = G g ω wt where ω m and G g are the rotor angular velocity and the gear ratio, respectively. The power coefficient C p is a nonlinear function of β and the tip-speed ratio λ. If the swept area of the blade and the air density are constant, the value of C p is a function of λ and it is maximum at the particular λ opti (Bu et al., 2015) . For this reason, in order to fully utilise the wind energy, λ should be maintained at λ opti , which is determined from the blade design.
A generic equation is used to model the power coefficient C p (λ, β) based on the modelling turbine characteristics described in Errami et al. (2012d) 
The C p (λ, β) characteristics, for various values of the pitch angle β, are shown in Figure 3 (Errami et al., 2012b) . The maximum β value of C p (λ, β), that is C Pmax = 0.41, is achieved for β = 0 and for λ opti = 8.1. This particular value λ opti results in the point of optimal effectiveness where the maximum power is captured from wind by the wind turbine. Then:
Consequently, for each wind speed, there exists a specific point in the wind generator power characteristic, MPPT, where the extracted power is maximised. Then, if the PMSG can operate in the optimal rotational speed ω opti , the system can operate at the peak of the power curves at various wind speed and the maximum extracted power can be achieved. That is shown in Figure 4 . Hence, the curve connecting the peaks of these curves will generate the maximum output power for a given wind speed and follows the path for maximum power operation (Errami et al., 2013d) . 
PMSG model
The stator magnetic flux vector ψ s and the rotor magnetic flux vector ψ f can be drawn in the rotor flux (d-q), stator flux (x-y) and stationary (α-β) frames. The various reference frames are shown in Figure 5 where δ is the load angle that is constant for a certain load torque and θ r is the rotor angle. Both stator and rotor flux rotate at synchronous speed. The generator equations in the d-q reference frame are as follows : The electrical rotating speed of the generator ω e , is defined by:
Thus:
The expression for the electromagnetic torque can be described as:
In addition, the dynamic equation of the wind turbine is given as:
where J is the total moment of inertia of the system, F is the viscous friction coefficient and T wt is the mechanical torque developed by the turbine. These equations can be transformed by using Clarke transformation (15) 
Thus, transformation (17) is obtained:
where f represents the current, voltage or magnetic flux. Moreover, equation (18) can be obtained:
Then, using equations (13), (17) and (18) the torque T g of PMSG in the x-y reference frame is given by:
Accordingly, from (19), if the amplitude of the stator flux linkage can be constantly controlled, we can deduce that the torque of PMSG is directly proportional to the y-axis component of stator current.
For salient pole PMSG, L q = L d = L s and the torque flux linkage of PMSG in the x-y reference frame can be expressed as:
When the stator flux linkage oriented to the x axis, it has ψ sy = 0, then:
Then, using equations (19) and (21) the torque T g is given by:
Consequently, from (22), it is possible that the torque of the PMSG is controllable by regulating the torque angle δ under the condition of keeping the amplitude of the stator flux linkage ψ s constant. Furthermore, the relation between the stator flux and voltage vectors is given by (Vas, 1998) :
where ψ s0 : the initial stator flux. If the stator resistance is ignored, then the stator flux, as given in equation (23), can be approximated as equation (24) Besides, during one period of the control algorithm: T s , voltage vector applied to the machine remains constant. Thus:
where ψ s (k + 1) and ψ s (k) are the stator flux vectors at the sampling times (k + 1)T s and kT s , respectively. So, relation (25) leads to:
∆ψ s = v s T s is the stator flux variation vector. As a result, according to (26), the variation of the stator flux vector is achieved through the application of the appropriate stator voltage v s . The stator flux vector rotates in the same direction as the applied stator voltage vector and with a rotation speed proportional to the stator voltage magnitude. Hence, by adequate voltage vector selection, we can decrease or increase the stator flux phase and amplitude to obtain the required performances. Also, the choice of the voltage vector depends on the position of the flux vector. Moreover, voltage vector plane is divided into six sectors as shown in Figure 7 , and two adjacent vectors are selected in order to increase or decrease the amplitude respectively. There are eight voltage vectors (V i , i = 0, 1, 2,…7) available for the voltage source rectifier. Among them, there are two zero voltage vectors (V i , i = 0, 7) and six non-zero voltage vectors (V i , i=1, 2, 3,…6). Consequently, when the stator magnetic flux is moved clockwise in sector 2, voltage space vector V 4 is selected so as to decrease the amplitude voltage and space vector V 3 is selected in order to increase the stator magnetic flux amplitude. When the stator magnetic flux moves clockwise, if still in sector 2, V 1 is used to increase the amplitude and V 6 is used to decrease the amplitude. The torque of the PMSG can be controlled using DTC by means of controlling the stator magnetic flux rotation speed in case the stator magnetic flux amplitude is kept constant. 
Adopted MPPT control algorithm
For each WTG, the objective of the MPPT controller is to generate the reference velocity command which will enable the WTG to extract maximum power from the available wind power. Moreover, for any particular wind speed, the optimal rotational velocity of the WTG can be simply estimated as follows:
The MPPT controller computes this optimum speed and an optimum value of tip speed ratio λ opti can be maintained then maximum wind power, of the WTGs, can be extracted. So, the maximum mechanical output power of the turbine is given as in:
Consequently, we can get the maximum power P Turbine_max by regulating the WTG speed in different wind speed under rated power of the VS-WF system (Errami et al., 2013b) .
Pitch controller
When wind velocity is low or medium, the pitch angle is controlled to authorise the individual WTG to operate at its optimum condition. The pitch controller is only active in high wind speeds, to prevent the rotor speed from becoming too high. Accordingly, when the wind velocity reaches the nominal value, the pitch angle controller enters in operation to decrease the coefficient of power for each WTG. So, the blade pitch angle, β, will increase until the wind turbine is at the rated speed. Figure 8 depicts the implemented turbine blade pitch angle controller where P ge is the generated power (Errami et al., 2015b) . 
Control strategy for generator sides converters with MPPT and DTC
For each PMSG, the generator side three phase converter is used as a rectifier with a DTC strategy. Figure 9 depicts the implemented block diagram of the generator controller. The adopted MPPT controller generates ω m_opti , the reference of velocity. The generator is controlled based on DTC algorithm (Vas, 1998) . Besides, generator torque reference is derived based on MPPT strategy and PI controller is used to regulate the speed of PMSG. 
The flux amplitude and its phase are derived respectively from:
The electromagnetic torque is expressed as:
Furthermore, the DTC strategy is based on two discrete hysteresis comparators in which the stator flux and the torque are controlled directly. The basic principle is that the errors of flux and electromagnetic torque that exist between the reference and feedback values are inputs to the hysteresis controllers as shown in Figure 10 and Figure 11 so as to select appropriate voltage vector with the help of a pre-defined switching table as shown in Table 1 . The output of these comparators (C w , C T ) and the position of stator flux linkage space vector (θ s ) are the three inputs of this switching table (Vas, 1998) . Consequently, the vector of voltage makes the flux rotates and produces the desired torque. Also, with comparators, the amplitude of the flux is kept in a pre-defined band. Table 1 Switching vectors
Notes: V 1 (010), V 2 (110), V 3 (100), V 4 (101), V 5 (001), V 6 (011), V 7 (111), V 0 (000)
Grid-side controller methodology
The configuration of the VS-WF used for this study is shown in Figure 12 . It consists of three PMSGs-based 10 KW generators connected to a common DC-bus. Each PMSG of the VS-WF is connected to the DC-bus through a rectifier, but the DC-bus is connected to the grid through only one DC/AC inverter. The objectives of grid-side inverter are to deliver the energy from the PMSG sides to the utility grid, to regulate the DC-link voltage and to achieve UPF during wind variation. There are many methods used to control grid side converter (Li et al., 2012; Xin et al., 2013; Shariatpanah et al., 2013; Sun et al., 2013; Harrouz et al., 2013a Harrouz et al., , 2013b . In this study, the VS controllers are adopted to regulate the output voltage and currents in the inner control loops and the DC bus controller in the second loop ( Figure 12) Transformation in the rotating dq reference frame is calculated as follows :
where e rq and e rd are the inverter q-axis d-axis voltage components respectively. i qr-f and i dr-f are the q-axis current and d-axis current of grid. v rd and v rq are the grid voltage components in the d-axis q-axis voltage components respectively. ω is the network angular frequency. The rotating dq reference frame is synchronised to the fundamental component of the electrical network voltages using phase-locked loop (PLL) (Chung, 2000; Rodriguez et al., 2007) . The DC-side equation can be given by: (39)- (40) may be expressed as:
Then, the reactive power and active power can be expressed as :
Accordingly, reactive and active power control can be achieved by controlling quadrature and direct current components, respectively. Moreover, the aim of the control of the grid side is to transfer all the active power produced by the PMSGs to the grid and also to produce no reactive power so that UPF is obtained. As a result, the DC-link voltage must remain constant. The d-axis reference current is determined by DC-link voltage controller in order to control the converter output real power. For the power converters, there are two closed-loop controls. The fast dynamic is associated with the line current control in the inner loop where the nonlinear SM control is adopted to track the line current control. But, in the outer loop, slow dynamic is associated with the dc voltage control. Furthermore, the PI controller is employed so as to generate the reference source current i dr-f-r and regulate the dc voltage, but the reference signal of the q-axis current i qr-f is produced by the reactive power Q r according to (47). Let us introduce the following sliding surface for i dr-f and i qr-f : where i dr-f-r and i qr-f-r are the desired value of d-axis current and q-axis current, respectively. Moreover, i dr-f-r is produced by the loop of DC-bus control and the reference signal of the q-axis current i qr-f-r , is directly given from the outside of the controller and it sets to zero to achieve UPF control. Using (45) and (46), the derivatives of S d-f and S q-f are found by:
when the sliding mode motion happens (Evangelista et al., 2013a) , then:
In order to obtain commutation around the surface and good dynamic performances, the control includes two terms (Evangelista et al., 2013b) :
where u eq is an equivalent control input that determines the system's behaviour on the sliding surface. Furthermore, it is the estimated equivalent control which is used to compensate the unknown system dynamics. So, during the sliding mode and in permanent regime, u eq is calculated from (53) and (54). In addition, u n is used so as to guarantee the attractiveness of the variable to be controlled towards the commutation surface. It maintains the state on the sliding surface in the presence of the parameter variations and disturbances. Then:
where k δ 0 and δ is d or q. Furthermore, nonlinear control SM is a discontinuous control. So as to reduce the chattering, the continuous function as exposed in (57) where sgn(S ω ) is a sign function defined as (Lei et al., 2011) :
ε is a small positive number. If the ε is too small or too large, the dynamic quality of the system will be reduced. After that, the value of ε should be chosen vigilantly.
Combining (45), (46) and (49)- (56) the controls voltage of d axis and q axis are defined by:
where k d-f 0 and k q-f 0. Besides, from (51) and (52), the following equations can be deduced:
Theorem 1: If the dynamic SMC laws are designed as (58) and (59) then the global asymptotical stability is ensured.
Proof: In order to determine the existence condition of the sliding mode, it is required to design the Lyapunov function. We define the following function, including the q axis current and the d axis current as:
From Lyapunov stability theory, to guarantee the attraction of the system throughout the surface and the sliding manifold is reached after a limited time, ϒ 1 can be derived that (Errami et al., 2015a) :
By differentiating the Lyapunov function (62), we obtain:
Using (60) and (61), the following equation can be obtained:
Substituting the controls laws (58) and (59) in (65) produces:
Therefore:
Accordingly, the asymptotic stability in the current loop is guaranteed and the DC-bus voltage control tracking is accomplished. Finally, PWM is used so as to produce the control signal. The structure of the DC-link voltage and that of the current controllers for grid-side converter is depicted in Figure 12 .
Simulation results
This section presents the simulated responses, using Matlab/Simulink, of the VS-WF under variable wind speed. The parameters of PMSGs used are given in Table 2 . The 30 KW wind farm consists of three PMSGs-based 10 KW generators connected to a common DC-bus. The block diagram of VS-WF is shown in Figure 12 . Furthermore, during the simulation, for the grid side inverter, the q axis command current, i qr-f-r , is set to zero. On the other hand, the dc link voltage reference and the grid frequency value are 830 V and 50 Hz, respectively. The grid voltage PLL system is implemented to track the fundamental phase and frequency. This section is divided into two parts: Section 4.1 demonstrates the acceptable performance of the WPGS under varying wind conditions and normal working conditions, and Section 4.2 reflects the behaviour of the WPGS during the voltage dip.
Table 2
Parameters of the power synchronous generators 
WPGS characteristics under normal working conditions
The VS-WF response under proposed control approach and in the normal grid condition is depicted in Figure 13 to Figure 16 . Figure 13 (a) to Figure 13 (g) show, respectively, the wind speed profile, the simulation results of pitch angle β, coefficient of power conversion C p , tip speed ratio λ, the total output power produced by VS-WF and rotor angular velocities of the PMSG. As shown, the rotor velocities of the generators vary according to the wind speed deviations and, for each wind turbine the pitch angle is controlled to zero in maximum power region and the coefficient of power is maintained at its maximum (C p-max = 0.41). The turbine system works under its optimum tip speed ratio λ opti , in spite of the variable wind speed. The VS-WF is functioning in the MPPT mode. Once the wind speed reaches its rated value (v n = 12 m/s), the blade pitch angle control is performed and limits the speed of PMSG, as shown in Figure 13 (b). It is designed to prevent damage from excessive wind velocity. Also, the power performance coefficient is degraded to limit the rotor velocity. Consequently, rotational velocities and power extracted are keeping constants. The total power extracted is shown in Figure 13 (e). The results show variation in the power extracted when the incoming winds are different for each turbine generator. In addition, because all the turbines are working at their optimum level, and if the wind velocities are up the threshold, the total power generated reaches its maximum level. Figure 13 (g) shows the optimum speed and the rotor angular speed of PMSG2. As we can see, the speed follows its reference successfully. As a result, speeds of PMSGs are adjusted [ Figure 13 (f)]. Figure 13 (h) presents the sector in which the stator flux, for PMSG2, is located. Figure 14 shows the simulation results for the stator flux locus. As it is clearly shown, the stator flux follows a predetermined path and as expected, its trajectory in the stationary reference frame is a circle. Figure 15 shows the simulation result of dc link voltage that remains a constant value. This proves the efficiency of the established regulators. Figure 16 shows the variation and the enlarged view of three phase current and voltage of grid. The frequency imposed by the grid is 50 Hz. As explained in Figure 16 , the UPF is attained approximatively. The simulation results demonstrate the effectiveness of the proposed control strategies for VS-WF functioning in all wind velocity regimes. 
Performance of the proposed controllers under grid faults
To evaluate the efficiency and performance of the proposed control strategy, the WPGS system has been simulated under three-phase to ground short circuit fault. Figure 17 illustrates the simulation structure of the VS-WF with the power network system. Then, severe symmetrical three-line-to-ground fault (3LG) is performed at 2 s and lasts for 200 ms. Figures 18-20 illustrate the comparative transient responses of the studied system for the proposed approach and classic PI controller respectively, when the fault event is considered to occur at the Bus 4 of the 1 MW loads. The wind velocity is assumed to be invariable for easy examination. Figure 18 and Figure 19 depict the graphs of RMS lines ground voltages variations and the enlarged view of three phase voltage at Bus 1 during and after the fault. As is shown in the comparative responses, if using PI regulators, three phase voltage fluctuations were more severe deformed. In contrast, with proposed scheme, the voltage at Bus 1 can be recovered quickly after grid fault clearance. Moreover, the proposed control allows lower overshoot and quicker response. Figure 20 illustrates the power network fault's impact on the system frequency and the difference in frequency performance between the two controlling approaches. It can be observed that the frequency deviations are arrested earlier in proposed strategy and maximum frequency excursion is reduced from 0.9 Hz to less than 0.2 Hz with this proposed scheme. For this reason, the frequency deviations are considerably diminishing during the grid fault, and the system using proposed approach is few responsive to voltage dip. So as to evaluate the harmonic content of the current injected in the power grid, the total harmonic distortions (THD) is considered using fast Fourier transform (FFT) analysis.
The harmonic spectrum and THD of the output current for the VS-WFS are presented in Figure 21 . A comparison of the two control strategies current THD shows that an improvement, in terms of harmonic mitigation, is accomplished by using the proposed control strategy. In fact, the enhancement of the power grid current THD is about 0.58% for the proposed strategy and 0.83% for the VC strategy. 
Conclusions
The paper has presented a MPPT control for VS-WF based on the PMSGs and connected to the distribution network. To this aim, the MPPT control algorithm has combined the technique of DTC to regulate the speeds of PMSGs and SM nonlinear control theory to sustain the DC-bus voltage and to achieve UPF. The full derivation for the control laws has been presented. So, MPPT has been attained and a pitch angle controller has been to make the VS-WF working at the rated power when the wind velocity has been above the threshold. Furthermore, a comparison between the proposed scheme and the conventional PI controller has been performed under electric network fault conditions. Then, the frequency deviations are considerably diminishing during the grid fault, and the system using proposed approach is few responsive to voltage dip. Finally, simulation results have depicted the efficiency of the proposed control for VS-WF operating in all wind velocity regimes and under grid faults. The major contributions of this work can be summarised as follows.
1 the successful utilisation of DTC approach to achieve MPPT for the complete functioning regions of WTs 2 pitch angle controllers to prevent WTs damage from excessive wind speed.
3 the successful utilisation of a VS SMC approach based on Lyapunov stability theory to improve the VS-WF functioning performance, with the objectives of regulation of DC-link voltage, control of reactive and active power, and UPF under both variable and steady wind conditions 4 a comparison of results based on the proposed control strategy and conventional VC is provided for different grid voltage conditions.
